INTRODUCTION
Infectious diseases of wild and crop plants are important regulators of growth and yield (Savary et al. 2012; van der Putten et al. 2016) . Non-pathogenic members within the plant microbiome are increasingly seen as important symbionts for disease alleviation in wild host systems (Arnold et al. 2003; Busby, Ridout and Newcombe 2016) and potentially as bio-control agents for disease suppression in agricultural systems (Mei and Flinn 2010; O'Callaghan 2016) . However, it remains difficult to understand the ecology of these potentially beneficial microbiota given the innate complexity of host-pathogen-symbiont interactions that can occur simultaneously with variable abiotic conditions. Many research studies attempt to reduce the complexity of these species interactions by performing simplified laboratory experiments designed to measure inhibition between microbial symbionts and plant pathogens of interest. However, there is uncertainty around the extent to which tripartite species interactions can be decomposed into pairwise interactions or extrapolated from the dramatically simplified environments of the laboratory. Thus, to understand the function of these putatively beneficial microbiota, it will be necessary to perform realistic species interaction experiments across a broader range of environmental conditions.
From a management perspective, as well as more broadly within plant-microbial ecology, endophytes are increasingly recognized as important agents of disease control (Busby, Ridout and Newcombe 2016) . Endophytes have been found in all plant species studied to date (Peñuelas and Terradas 2014) , and can span a mutualistic to pathogenic continuum (Vacher et al. 2016) . They may compete directly with pathogens for host resources or habitat space, prime the host immune system or produce secondary metabolites that subvert microbial competitors (PorrasAlfaro and Bayman 2011). Where competition for resources or space is important to pathogen control, rapid endophytic growth rate may be an essential trait for successful disease reduction. For these reasons, culturable endophytes, both bacterial and fungal, are increasingly being isolated for in vitro laboratory studies, in order to confirm mutualistic traits inferred from metagenomic sequencing studies (Kwak et al. 2018) or to develop preventative seed treatments as an alternative to conventional biocides (Finkel et al. 2017) .
A central challenge to understanding endophyte-pathogen interactions is that we have little information on how environmental gradients drive phenotypic variability in microbial function and physiology in vitro or within internal host tissues, and how traits characterized in the lab may predict functional outcomes in nature . For example, it is not clear how variability among endophytes in their resilience to climatic conditions affects their interactions with other microbial species (e.g. plant pathogens). Nor is it clear how environmental responsiveness among endophytes overlaps with host responsiveness to environmental conditions. One recent study demonstrated that soil moisture status modified the effects of foliar fungal endophyte inoculations on grass hosts (Connor, Sandy and Hawkes 2017) . On the other hand, another study of root endophyte-host interactions showed that while the environmental conditions tested affected plant growth directly, there was less effect on the plant-endophyte interactions (Kia et al. 2018) . Thus, it may be necessary to consider a range of environmental conditions to better understand feedbacks between plants and their endophytic symbionts.
Additionally, for pathosystems where pathogen proliferation occurs within internal plant tissues, such as through vascular bundles, endophytes have the potential to reduce disease outcomes directly via their physical interaction with the pathogen inside the host (Porras-Alfaro and Bayman 2011), as well as indirectly via their modification of harmful pathogenic toxins (Compant et al. 2005) . Fusarium head blight (FHB) is one such disease; the FHB pathogen (in North America, primarily Fusarium graminearum) can infect a single floret on a developing wheat inflorescence and then spread internally via the vascular tissue (Bai and Shaner 2004) . FHB is an economically important disease of small grains globally, affecting crop yields directly via reduced grain-filling after infection and indirectly via the accumulation of fungal-derived toxins (e.g. deoxynivalenol; Bakker et al. 2018) . However, to date few viable, endophytic biocontrol agents for FHB have reached production (O'Callaghan 2016).
Our objectives were to test whether simplified in vitro measurements of bacterial endophyte interactions with a plant pathogen would be predictive of disease outcomes in a tripartite (plant-endophyte-pathogen) assay within living plant tissue, and to test whether plant-endophyte-pathogen interaction outcomes vary over environmental gradients. We used as our model disease system FHB of wheat and bacterial endophytes isolated from wheat inflorescence tissues. We predicted that 1) bacterial endophytes would vary in their antagonism towards the wheat fungal pathogen in vitro and 2) that different assays would yield correlated antagonism scores, but that the correlation would be weak between in vitro assays and the tripartite assay, given the increased physical and metabolic complexities of the plant environment (Vacher et al. 2016) . We also expected that 3) the environmental conditions across which pathogen antagonism was effective would vary among bacterial endophyte isolates. To test these questions, we performed a series of competition assays between bacterial endophytes and F. graminearum, which increased in complexity from pairwise in vitro interactions to tripartite interactions in live plant tissue.
MATERIALS & METHODS

Overview of the experimental design
Endophytic bacteria were isolated from wheat (Triticum aestivum) plants grown across central Illinois, USA. A subset of this isolate collection was tested in two different in vitro assays, designed to represent common laboratory methods of identifying pathogensuppressing microbiota. Based on the results of the in vitro assays, a subset of 12 isolates that specifically spanned a range from weakly to strongly antagonistic were tested for their ability to reduce F. graminearum spread in a tripartite assay within living plant tissue (Kia et al. 2018) . The assays were performed across various temperatures and atmospheric carbon dioxide (CO 2 ) concentrations to test context-dependency in the plantendophyte-pathogen interaction and to mimic current and projected summer climatic conditions in the central IL region over the next 50 years (IPCC 2014).
Wheat tissue sampling and isolation of bacterial endophytes
Bacterial endophytes were sampled from both winter (May) and spring (July) wheat plants in 2017. To diversify the recovery of bacterial endophytes, multiple sites (Table S1 , Supporting Information) and inflorescence tissue types were sampled, and four types of isolation media were used (Table 1) . For additional details on the sampling strategy see Supporting Information Methods and Table S2 . Wang et al. 2007) . A visual taxonomic summary of the isolate collection is provided (Fig. S1 , Supporting Information; Ondov et al. 2011) .
In vitro dual culture assay
A total of 34 isolates were selected for in vitro assays, with the aim of maximizing phylogenetic diversity and including isolates originating from a variety of locations, plant tissues and isolation media ( (Shi et al. 2014) at the same experimental temperature as before.
The diameter of the fungal colony was measured in two perpendicular directions in alignment with the bacterial colonies, and averaged across two replicate plates (Herrera et al. 2016) . For each isolate-temperature treatment, an inhibition effect size (E T ) was calculated as follows:
where F is the average growth of Fusarium in isolation and F B is the average growth of Fusarium in the presence of the bacterial endophyte (Comby et al. 2017) . A value of E T = 1 indicates complete inhibition of Fusarium growth, while E T = 0 indicates no inhibition. This experiment was performed in batches, with control treatments in each batch. Measurements for each isolatetemperature treatment combination were compared only to their respective controls.
Preliminary results from a comparison of bacterial-Fusarium dual cultures incubated under ambient CO 2 (450 ppm) and elevated CO 2 (1000 ppm) at constant 25
• C conditions showed no differences in fungal growth (Pearson's Correlation; R 2 = 94%).
Thus, these results are not presented.
In vitro detached spikelet assay
Bacterial interactions with Fusarium were further tested using an in vitro detached spikelet assay, following Comby et al. (2017) . Cultures of each bacterial strain (Table 2) were grown in TGY broth overnight and washed with sterile water twice. Cell densities were adjusted to 10 5 cells mL −1 using sterile Tween-20 solution (0.1%). For three bacterial isolates (C1, D6, N4), the concentration was adjusted to 10 4 cells mL −1 due to limited growth. Spikelets from greenhouse-grown wheat plants (variety 'Glenn') at mid-anthesis were individually clipped and awns removed. To increase the success of bacterial isolate establishment and to reduce surface contamination, detached spikelets were surface-sterilized by successive dipping for 3 min in 70% ethanol, 2 min in 0.5% NaOCl, 2 min in 70% ethanol and 2 × 1 min in sterile water. Spikelets were then vortexed for 30s with the bacterial inoculum, or with sterile 0.1% Tween-20 for the controls, blotted dry, placed in a single well of a 12-well culture plate containing 0.3% (w/v) water agar, and incubated in the dark (21
• C, 25
• C, 29
• C, or 33 • C). There were six replicate spikelets per bacterial isolate-temperature treatment combination. 
Isolates are sorted by bacterial class and then by site of origin. Shown are the disease status of the wheat head sampled, as well as the isolation medium and tissue of origin. ID indicates a unique letter-number code used for presentation in figures. * indicates the bacterial isolate was also tested in the detached head assay.
After 2 days of incubation, five of six spikelets were inoculated with Fusarium (spore suspension from a 7-day old culture grown in mung bean broth; SI Methods). The fungal spores were washed twice using sterile water, and adjusted to 10 5 conidia mL −1 using sterile 0.1% Tween-20 solution. Spikelets to be inoculated were removed from the culture plate, inoculated with the fungal spore suspension using a spray atomizer, and returned to the culture plate (bacteria+ /Fusarium+). To evaluate the effects of the bacteria alone on the spikelet, one spikelet was left pathogen-free (bacteria+ /Fusarium-). Within each temperature treatment, one group of spikelets served as the negative control (bacteria-/Fusarium-) and another as the positive control (bacteria-/Fusarium+). All spikelets were incubated for seven additional days. Spikelets were rated on a scale of 0 to 4, on the basis of increasing plant tissue necrosis and visible hyphae presence (Fig. S2, Supporting information) . Negative controls and spikelets inoculated with bacteria alone did not manifest necrotic symptoms, but did produce visible bacterial growth. A severity index was calculated as the average score across five replicate spikelets. An inhibition effect size for each isolatetemperature treatment (E T ) was calculated according to the same equation as for the dual culture assay, substituting severity index for Fusarium colony diameter.
Tripartite assay
A detached head assay was performed using a subset of 12 bacterial isolates, purposefully selected to span a gradient from low to high inhibition effect sizes in the in vitro assays. Stems were clipped below the rachis (10 cm stem length), from greenhousegrown wheat plants (variety 'Norm'), at mid-anthesis. Detached heads were surface-disinfected: 20 min rinse under running tap water, 2 min in 0.1% NaOCl, and rinse with sterile water (Rossi et al. 2001) . Wheat heads were then kept overnight in a bulk container filled with Murashige and Skoog (MS) media in a sterile flow hood. Preliminary tests showed evidence of physiological activity and transpiration from the detached wheat heads (data not presented). Simultaneously, overnight cultures of all 12 bacterial strains were grown as described above, washed, and adjusted to 10 5 cells mL −1 using sterile 0.1% Tween-20 solution.
Cell concentration for isolate C1 was adjusted to 10 4 cells mL
due to limited growth. Wheat heads were dipped for 30s in the bacterial suspension, placed individually in 50 mL conical tubes containing 25 mL of MS media, and the opening of each conical tube sealed with parafilm to reduce evaporation and hold the detached head upright. Each wheat head was enclosed in a plastic bag to prevent overly-rapid drying and reduce cross-contamination, and heads were spatially randomized in growth chambers. Growth chambers were set to either 25
• C or 29
• C, and either ambient (450 ppm) or elevated (1000 ppm) atmospheric CO 2 concentration, in a full factorial design. All growth chambers were set to 60% relative humidity and 12-hour days. Four replicate wheat heads were used per bacterial isolate-environment treatment combination. The bacterial treatments were divided across three experimental sets, with negative control wheat heads included in each set, due to the high number of treatment combinations, as well as to restrict wheat head usage to those grown only from the same group of plants in the greenhouse, which were of the same age. It was not logistically tractable to split replicates of each bacterial treatment across sets. After 2 days, the plastic bags were removed and the wheat heads were inoculated with Fusarium. Ten μL of a Fusarium spore suspension (prepared as described above, except using a 14-day-old liquid culture) was pipetted into an individual floret on the 7th spikelet from the top of the wheat head. Sterile 0.1% Tween-20 was used in lieu of the microbial treatments for the negative (bacteria-/Fusarium-) and positive controls (bacteria-/Fusarium+). After pathogen inoculation, wheat heads were enclosed in new plastic bags for an additional two days, after which the bags were removed and the wheat heads were scored for disease progression (% visually symptomatic spikelets). Four days after the fungal inoculation, wheat heads were clipped below the bottom spikelet and frozen at −80
The density of Fusarium present in wheat head tissues (Fusarium load) was measured using quantitative polymerase chain reaction (qPCR). Wheat heads were lyophilized for 48hrs and the tissue then ground in 74 mL aluminum screw top cans (Freund Container & Supply, Lisle, IL) with four stainless steel ball bearings (9.525mm) on a Geno/Grinder 2010 (7min, 1600rpm; SPEX SamplePrep, Metuchen, NJ). DNA was extracted from 8 to 10mg of dried material using the DNeasy PowerPlant Pro Kit (MO BIO Laboratories, Carlsbad, CA). DNA concentration was quantified using the Quant-iT TM dsDNA assay kit (high sensitivity;
Life Technologies, Carlsbad, CA) on a CFX96 instrument (BioRad, Hercules, CA). We quantified the abundance of the Fusarium TRI5 gene, which encodes the trichodiene synthase enzyme responsible for the first dedicated step in the biosynthesis of trichothecene mycotoxins (Cuperlovic-Culf et al. 2018 ; forward = TCTATG-GCCCAAGGACCTGT, reverse = ACGCTCATCGTCGAATTCCT), as well as the wheat translation elongation factor 1-α gene (EF1-α; Nicolaisen et al. 2009 ; forward = TCTCTGGGTTTGAGGGT-GAC, reverse = GGCCCTTGTACCAGTCAAGGT). Each reaction consisted of 10 μL SsoFast EvaGreen master mix (Bio-Rad Laboratories Inc., Hercules, CA), 1 μL each of forward and reverse primers (final concentration 0.5 μM each), 1 μL DNA template (20 ng μL −1 ) and 7 μL water. The thermocycling program was the same for both assays: 2 min at 98 • C, followed by 40 cycles of denaturing for 10s at 95
• C, annealing and extension for 30s at 58
• C, and plate read (CFX96; Bio-Rad, Hercules, CA). Three technical replicates were run for each sample.
To better account for variation between samples in the concentration of PCR inhibitors, as well as run-to-run variation between plates, the LinRegPCR program was used to estimate PCR amplification efficiencies for each technical replicate (Ruijter, Ramakers and Hoogaars 2009) . For more details on the calculation of DNA starting quantities (SQ) using per reaction estimates of amplification efficiency, see the Supporting Information Methods. To minimize error associated with variation in DNA extraction efficiency, Fusarium DNA abundance was expressed relative to host plant DNA abundance:
Statistical analyses
All statistical analyses were conducted in R (v.3.4.3; R Core Team 2018).
In Vitro Assays-We used linear models to test the effect of bacterial isolate and temperature on inhibition effect sizes (E T ) in the in vitro assays. Tukey's post-hoc test was used to determine significant differences in E T between temperature groups (α < 0.05). Principal components analysis (PCA; function prcomp) was performed for each in vitro assay, where the input data consisted of centered and standardized E T values for each temperature. For the detached spikelet assay, two variables were transformed to meet assumptions of normality, specifically E 21 was log-transformed and E 33 was squared. A procrustes analysis was used to test similarity between the dual culture and detached spikelet PCA configurations (function protest, package 'vegan'; Oksanen et al. 2017) . Additionally, linear models were used to test the correlation between bacterial isolates' E T across temperature levels.
For the two in vitro assays, ribosomal RNA operon number within the bacterial genome (hereafter 'rrn') was estimated for each bacterial isolate using the rrnDB database (Stoddard et al. 2015) as a metric of potential population growth rate and carbon-use efficiency (Roller, Stoddard and Schmidt 2016) . The rrn was determined at the genus-level as the average rrn among all curated genomes within the genus (as in Wu et al. 2017 ). The PC-1 score from each assay, as an indicator of pathogen inhibition (described below), was then compared to the rrn using linear models to test the hypothesis that bacterial growth rate influences in vitro interaction outcomes with Fusarium.
Tripartite Assay-Linear models were used to test differences in Fusarium load among bacterial isolate, temperature and CO 2 treatments. Experimental set was also included as a fixed effect. Fusarium load was log-transformed to meet assumptions of normality. A generalized linear model, with a binomial distribution and chi-square test statistics, was used to test differences among treatments in the percentage of visually symptomatic spikelets, where the response variable tested was the ratio of visibly infected to total number of spikelets per wheat head. The percentage of visually symptomatic spikelets and Fusarium load were also compared using a generalized linear model (chisquare test statistics).
Marginal means estimates were used to compute a detached head assay inhibition effect size (E T ) for each bacterial treatment (bacteria+ /Fusarium+) relative to the control treatment (bacteria-/Fusarium+). The function emmeans was used to estimate the marginal mean for each bacterial or control treatment, across all environmental treatments, based on the results of the Fusarium load models (package 'emmeans'; Lenth et al. 2018) . Lastly, to test whether in vitro antagonism against Fusarium was predictive of disease outcomes in the detached head assay, linear models were used to compare the PC-1 score for each in vitro assay to the E T values calculated for the detached head assay. 
RESULTS
In vitro assays
On average across all temperatures, every bacterial isolate reduced the growth of Fusarium in the dual culture assay (range 3%-52% reduction; Fig. S3A , Supporting Information), and reduced severity scores in the detached spikelet assays (range 21%-89% reduction; Fig. S3B , Supporting Information). There was a clear inhibition zone present for 5 out of 34 of the bacterial isolates in the dual culture assay (2 Bacillus, 2 Serratia, 1 Paenibacillus). The top six performing isolates in the dual culture assay were all Bacillus spp., while in contrast the top six performing isolates in the detached spikelet assay consisted of Pseudomonas spp. and Paenibacillus spp. For both in vitro assays, measurements of Fusarium growth across bacterial treatments was greatest at 25
• C and most restricted at the highest temperature (33 • C). However, the average E T increased steadily with increasing temperatures (for each assay, P < 0.0001; Fig. 1A,B) , indicating that the efficacy of inhibition by the bacterial isolates increased with increasing temperature.
For both the dual culture and detached spikelet assays, a principal components ordination captured effectiveness of reducing Fusarium growth along the first component axis ( Fig. 2A,B) . This outcome was persistent across temperatures, as indicated by the strong loading of E T variables for all four temperature treatments onto the PC-1 axis. For the dual culture assay, the E T variable loadings, or correlations with the PC-1 axis, were: E 21 = 0.472, E 25 = 0.550, E 29 = 0.524 and E 33 = 0.447 ( Fig. 2A) . The patterns were similar for the detached spikelet assay, though the E T variables for the warmer temperatures loaded more strongly than did the coolest temperature: E 21 = 0.409, E 25 = 0.557, E 29 = 0.542 and E 33 = 0.479 (Fig. 2B) . Overall, the PC-1 axis for the dual culture assay explained 77.5% of the variability in the ability of the isolates to reduce fungal growth across temperatures, while the PC-1 axis for the detached spikelet assay explained 69.2%. Thus, for both in vitro assays, the PC-1 axis divided the isolates along a spectrum from weak to strong antagonists of fungal growth or spikelet disease severity. Based on the sequential loading of each temperature effect size variable onto the PC-2 axis in both assays ( Fig. 2A,B) , the PC-2 axis divided the isolates into those that were more effective antagonists at cooler temperatures versus at warmer temperatures.
A comparison of the PCA ordinations revealed little congruence in bacterial isolate position between the two in vitro assays (Procrustes correlation = 0.279, P = 0.19). Similarly, linear models showed that E T values in the dual culture assay were not predictive of E T values in the detached spikelet assay (for each temperature, P > 0.10). The rrn, as a metric of population growth rate, was a marginally significant predictor of the PC-1 axis for the dual culture assay (F 1,32 = 3.98, P = 0.0546, Adj. R 2 = 0.083; Fig. S4 , Supporting Information), where bacterial isolates from genera with higher average rrn tended to be stronger antagonists than bacterial isolates from genera with lower average rrn. The rrn was not predictive of the PC-1 axis in the detached spikelet assay (P = 0.305).
Tripartite assay
Fusarium load within the detached wheat heads was significantly affected by a three-way interaction between temperature, atmospheric CO 2 concentration and the identity of the inoculated bacterial isolate (F 13,162 = 1.89, P = 0.0345; whole model Adj. R 2 = 0.26). In other words, Fusarium load varied not only among combinations of temperature and CO 2 treatment, but also by the identity of the co-inoculated bacterial isolate ( Fig. 3; Fig. S5 , Supporting Information). Across bacterial treatments (significant as a main effect; F 13,162 = 3.42, P = 0.0001), Fusarium load spanned a range from low (i.e. near the negative control) to high (i.e. near the positive control; Fig. 3 ). Temperature alone also significantly affected Fusarium load, with reduced fungal growth at the higher temperature (i.e. 29
• C; F 1,162 = 14.84, P = 0.0002; Fig. S6A , Supporting Information). There was a trend for reduced Fusarium load under elevated CO 2 conditions, but this was not significant as a standalone main effect (P = 0.107; Fig. S6B , Supporting Information). There was no detectable effect of experimental set on Fusarium load (P = 0.969). Visual assessment of disease progression was a poor match for assessment of pathogen load by qPCR. The percentage of visually symptomatic spikelets was significantly greater at 29
• C relative to 25
• C (χ 2 1,162 = 9.05, P = 0.0026; Fig. S7A , Supporting Information), but did not vary by CO 2 concentration (P = 0.508; Table 2 for reference). Percentage variance explained is provided for each axis. 
Comparison among assays
In vitro results failed to predict disease reduction outcomes in the tripartite assay. Linear models indicated that the PC-1 axis in the dual culture assay, as a representation of in vitro inhibition, did not significantly predict E T in the detached head assay (P = 0.291; Fig. 4A) . Similarly, the PC-1 axis from the detached spikelet also did not significantly predict the detached head assay E T (P = 0.932; Fig. 4B ).
DISCUSSION
This work explores interactions between bacterial endophytes and a fungal pathogen of their plant host. We find that these tripartite species interactions are sensitive to environmental context and that functional outcomes are not readily inferred from simplified systems. Contrary to our original prediction, the in vitro assays were not significant predictors of Fusarium inhibition in the detached head assay. However, in both the dual culture and detached spikelet assays, all 34 bacterial isolates tested effectively reduced the growth of Fusarium, indicating that all isolates had at least partial efficacy against the plant pathogen under laboratory conditions. The two in vitro assays each divided the bacterial isolates along a spectrum from weak to strong antagonists of the wheat fungal pathogen, though the two assays did not rank isolates concordantly (Fig. S3 , Supporting Information). Lastly, across all assays, the outcome of the bacterial-fungal interaction varied as a function of the environmental condition, with increasing effectiveness of the bacteria at higher temperatures in the in vitro assays and greater performance of the fungus at cooler temperatures in the detached head assay, indicating environmental dependency to the microbial interactions.
Across all bacterial treatments in the detached head assay, Fusarium load was significantly greater at the lower temperature condition (i.e. 25
• C), which could be partially indicative of increased fungal performance under more moderate temperature conditions (Pietikäinen, Pettersson and Bååth 2005) . Interestingly, bacterial effectiveness against the fungal pathogen Figure 3 . The ability of bacterial isolates to reduce Fusarium load in detached wheat heads varied by temperature and CO2 condition. Points and error bars indicate average Fusarium load (Fusarium:wheat gene copy ratio) and standard error, respectively. The x-axis is shown on a log scale. Letter-number codes describe the Bacterial ID (see Table 2 for reference), where 'B-/F+' and 'B-/F-' denote the positive and negative controls, respectively. For the atmospheric CO2 treatments, the abbreviations 'Amb.' (Ambient) and 'Elev.' (Elevated) are used.
in vitro was also reduced at the lower temperatures, indicating again greater fitness of the fungus at cooler temperatures or, conversely, increased performance of the bacteria at warmer temperatures. We found no detectable differences in the bacterial-Fusarium interactions across atmospheric CO 2 conditions in vitro (data not presented), however Fusarium load in detached wheat heads was marginally reduced under elevated CO 2 , which is consistent with other reports using whole plants (Cuperlovic-Culf et al. 2018) . Reduced pathogen load under elevated CO 2 may be a result of increased carbon access and defense allocation for the plant host (Ainsworth et al. 2002) .
Despite the now well-recognized idea that microbiota can mediate plant host function (Friesen et al. 2011) , there has been surprisingly little work exploring the context-dependency of endophyte-mediated disease outcomes across realistic environmental gradients (Busby, Ridout and Newcombe 2016) . In our study, temperature and CO 2 conditions interacted to alter the effect of endophytic bacteria on Fusarium load in living plant tissue. For example, some bacterial isolates performed better under ambient CO 2 conditions (e.g. G12 -Terribacillus sp.), while other bacterial isolates performed better under elevated CO 2 (e.g. Q16 -Paenibacillus sp.; Fig. S5 , Supporting Information). Recent work has also shown context-dependent benefits to plant hosts from fungal endophytes under differential soil moisture (Giauque and Hawkes 2013) and nutrient (Nelson et al. 2018) conditions. However, few studies have performed multifactorial, climate experiments and measured disease outcomes in the presence of a beneficial symbiont (but see Rúa et al. 2014) .
Interestingly, our results showed a negative correlation between Fusarium load and the percentage of visually symptomatic spikelets. Overall, this could indicate that external symptoms of disease progression surpassed the internal proliferation of Fusarium growth, or that the symptoms were more closely related to an unmeasured physiological change in the fungus (e.g. toxin production) and were independent of hyphal production. It is known that visual assessment of disease symptoms can be difficult and prone to human error (Siou et al. 2014 ). Thus, it is possible that our visual assessments instead captured higher rates of plant senescence (i.e. premature bleaching of plant tissue) that were in fact caused by faster metabolic rates and increased ethylene signaling under the elevated CO 2 treatments (Seneweera et al. 2003) . Alternatively, death of the rachis tissue may have cut off resource supply to higher portions of the head, leading to extensive bleaching symptoms even while tissue drying limited pathogen proliferation (Bai and Shaner 2004) . These results highlight the utility of assays involving physiologically active plant substrates as an important contextual habitat for plant-endophyte-pathogen interactions.
We did not find a high concordance between our two in vitro assays in the effectiveness of different bacterial isolates against Fusarium (Fig. 2) . Previous research by Comby et al. (2017) also found that many Bacillus isolates did well against the selected pathogen in dual culture plate competition assays, but that the Bacillus isolates were not as effective in a detached spikelet assay. We suggest that this outcome may be due to the inherent differences among bacterial lineages (see ellipses in Fig. 2A ) in maximum population growth rate (Roller, Stoddard and Schmidt 2016) , which may be indicative of a competitive life history strategy (Stevenson and Schmidt 2004) and is correlated with high ribosomal RNA gene copy number (Kembel et al. 2012) . Bacterial isolates with rapid reproductive rates may have had an advantage under the nutrient replete conditions found on media plates. In contrast, high maximal growth rates would not have been beneficial in the detached spikelet assay, where the bacterial and fungal populations were intermixed on a plant substrate with constrained nutrient availability. While our analysis of rrn in the in vitro assays was exploratory and cannot be fully separated from bacterial genus identity, we suggest that future research should experimentally test this bacterial trait in the context of plant symbioses. For example, differences in innate population growth rates across bacterial lineages (Roller, Stoddard and Schmidt 2016) may lead some taxa to perform better in different plant habitats, such as on plant debris at the end of the growing season or internally within living plant tissue.
Our sampling efforts identified a wide array of bacterial endophytes, representing many different bacterial genera (Fig. S1, Supporting Information) . Several of the genera we identified have previously been reported as protective in the wheat-Fusarium system. For example, two of the top four bestperforming bacterial isolates from our tripartite assay were Paenibacillus spp. (i.e. Q16 & Q22; Fig. 3 ), which have been isolated from wheat seeds and demonstrated to be effective against F. graminearum in vitro and in greenhouse trials in wheat (He, Boland and Zhou 2009; Herrera et al. 2016) . Previous studies Table 2 for reference).
have also identified Bacillus spp. as inhibitors of F. graminearum growth and production of the mycotoxin deoxynivalenol (Shi et al. 2014; Zhao et al. 2014; Palazzini et al. 2016) . Bacillus spp. are particularly attractive from a commercialization standpoint, due to their ability to form heat-resistant spores and survive seed-treatment processes (Yánez-Mendizabal et al. 2012) . However, in our own study the Bacillus spp. did not perform well in either the detached spikelet or detached head assays. In general, there are few Fusarium-active biocontrol products for wheat that have reached commercialization (O'Callaghan 2016), an exception being Cerall R , which is comprised of the bacterial species Pseudomonas chlororaphis (BioAgri AB 2018). Inhibitory activity of Pseudomonas chlororaphis against Fusarium may be driven by the production of a secondary metabolite that blocks fungal histone modification (Chen et al. 2018) , though the stability of this mechanism across environmental conditions is not known.
Our results demonstrate the inadequacy of simplified in vitro assays for predicting species interaction outcomes under more realistic conditions. However, it is important to note that our tripartite assay still represents simplified conditions relative to a gold standard field experiment. For instance, the host plant may have expressed heightened defense responses, due to tissue damage incurred while excising heads. Similarly, plant physiology and carbon availability would be different in the context of detached heads compared to full plants grown in a field setting. There are always tradeoffs between realism and tractability, but our results suggest that the host plant provides essential context without which endophyte-pathogen interactions cannot be fully understood.
Furthermore, we did not assess the extent of endophytic bacterial establishment in the detached head assay, which will be necessary for future studies to identify the mode of action for pathogen antagonism inside plant tissues. Future research should also seek to test the effectiveness of employing a consortia of bacterial isolates against plant pathogens versus single endophytic isolates (O'Callaghan 2016) , and compare these microbial treatments to conventional agricultural practices, such as fungicide application.
In conclusion, our results demonstrate the utility of using a more rigorous approach to screen for microbial antagonists of disease-causing agents. The two in vitro assays tested here were designed to mimic simple lab protocols that rank microbial endophytes by their effectiveness against an undesired outcome (e.g. pathogen proliferation). However, neither assay was able to successfully predict disease reduction outcomes in the tripartite assay within detached wheat heads. Microbial endophytes, like macroorganisms, experience trade-offs in growth (Litchman, Edwards and Klausmeier 2015) that can affect their ability to thrive in environments of differing nutritional quality (e.g. lab media vs. plant tissues), physical complexity or climatic conditions. To better understand these trade-offs in growth, particularly for microbial symbionts of hosts, will require tests across multiple environmental conditions ) and a greater consideration for the underlying traits that drive microbial species interactions in vitro. The ability to culture microbiota represents a great opportunity to study microbial species outside of the host environment, under controlled experimental conditions. However, it is also imperative that future studies are designed to better consider the complexity of microbial species growth and trade-offs under both in vitro and in vivo conditions. 
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